Micro-hole drilling of engineering ceramics has potential for application to fuel injection nozzles and fiber spinning nozzles, etc. To date among engineering ceramics, less study has been reported on the micro-hole drilling of silicon nitride. We therefore conducted micro-hole drilling of hot-pressed silicon nitride using a chemical vapor deposition (CVD) diamond-coated tool with ethanol as the cutting fluid. As a result, the successful drilling of silicon nitride was achieved with a smooth drilled surface and sufficient accuracy of the hole size. Wear damage of the CVD coated diamond tool and drilling debris of silicon nitride were investigated using scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX). As a result, it is suggested that tribochemical reaction of silicon nitride effectively contributed to the micro-hole drilling characteristics; that is, smoother hole surface was obtained due to the polishing action of wear debris and tribochemical reaction products. The hole inlet size, varied during successive drilling process, could be explained in relation to the wear damage of the diamond-coated drill tip.
Introduction
Silicon nitride (Si 3 N 4 ) ceramic is expected to be utilized in mechanical components with micro-size holes, such as automotive fuel injection nozzles, micro-fiber injection nozzles, etc., due to its superior mechanical properties of high hardness/toughness, high heat resistance and high wear resistance. In order to fabricate these parts, the drilling of micro-holes into the ceramic is required. However, Si 3 N 4 is difficult to process mechanically by conventional drilling methods, because it has high hardness, toughness and brittleness. Micro-hole drilling into engineering ceramics such alumina, silica glass, zirconia and silicon carbide have been reported to date [1] [2] [3] , however, little work has been reported on Si 3 N 4 . Other conventional methods such as electric spark forming 4) or laser processing 5) were used in ceramic hole processing, but these methods are not suitable for fabrication of highly accurate micro-size holes.
Considering this background, we tried a new method; that is the mechanical drilling of micro-size holes in Si 3 N 4 was attempted using a chemical vapor deposition (CVD) coated diamond tool with the assistance of the tribochemical reaction between Si 3 N 4 and ethanol. The tribochemical reaction between ethanol and Si 3 N 4 is expected to promote the drilling process. As investigated by Hibi and Enomoto 6) , the reaction of Si 3 N 4 with ethanol actively promotes both the elution of Si 3 N 4 into ethanol and the dehydration condensation of ethanol, which results in the formation of silica gel and hydrocarbons. In this paper, the drilling process was investigated in terms of the wear damage of a CVD diamond-coated tip.
This paper presents the test results on the safety drilling condition, the drill life, wear damage of the drill, and surface integrity of the drilled hole.
Experimental
We used CVD diamond-coated drill (DC-SSS; Mitsubishi Materials Co., Ltd.), of which the based material is made of WC-Co alloy. The hardness of the coating is 8000-10000 HV, comparable to that of a natural diamond. Preliminary tests were made to find safety drilling condition to the rotation speed and the feed rate of the drill, using 500 μm diameter drill with the flute length of 4 mm, Then the tests to study the drill life, the wearing process of the tool, the surface integrity of the inner hole and the nature of wear debris were made using 300 μm diameter drill with the flute length of 3 mm. The nominal diameter tolerance of the drill point was between +0 and −14 μm. The CVD diamond was coated 0.3 mm in axial length from the top point, and the thickness was about 10 μm. The drill tool was mounted on a CNC-drilling machine (Fanuc Robodrill α-T14iEL). The work material was hot-pressed silicon nitride including Y 2 O 3 as a sintering agent, produced by Kyocera Co., Ltd., with a Vickers hardness of 1600 HV.
The cutting fluid was authentic ethanol of 99.5% in purity. During the drilling, the ethanol was dripped onto the drilling point at a rate of 10 μL/s. The amount of the fluid was so small as compared to that of conventional cutting oil, used in metal drilling. Thus we can say, the present drilling process is essentially minimum quantity lubrication (MQL) process, which is environment friendly technology.
The wear of drill tip was observed by scanning electron microscope (SEM), (KEYENCE VE-9800). The roughness of the hole inside was measured using a SEM attached to a surface topography measuring system (ELIONIX ERA-8900). Chemical structure of the debris was characterized by means of SEM with energy dispersion X-ray (EDX) spectroscopy (Hitachi S-3000N, Horiba EMAX-500).
Results and discussion

Preliminary drilling tests to determine safety drilling conditions
There is little reference literature available regarding the drilling of Si 3 N 4 ; therefore, preliminary drilling tests were conducted using a 500 μm diameter drill to determine the safety drilling ranges for the spindle rotation speed and the feed rate. The tests were conducted as follows. At first, the drilling was made at a feed rate of 0.05 mm/min and at a fixed spindle rotation speed until the hole depth reached a depth of 1 mm. The feed rate was then increased twice that of the previous value, and continued further drilling to the depth of 1 mm at the same hole. After the total depth reached to the depth of 4 mm, other new position was drilled again into the total depth of 4 mm for one hole, and the procedure continued until breakage of the drill.
As shown in Fig. 1 , the drill broke when the feed rate was increased up to 3.2 mm/min at the spindle rotation speed of 3000 and 6000 rpm, and 1.6 mm/min at 9000 rpm. The results suggest that higher rotation speeds are not effective in extending drill life, possibly because the spindle axis vibration increased, and lead to sudden increases of frictional torque. On the other hand, for lower spindle rotation speed with higher feed rate, the feed rate per a rotation of the spindle increases around 0.5-1 μm, which is larger than the thickness of tribochemical reaction film, and the frictional stress at the drill tip increases. Therefore, further tests were conducted using a spindle rotation speed of 3000 rpm and a feed rate of 0.05 mm/min in order to ensure stable and long-life drilling.
Drill life tests
The drill life tests were conducted for three times at the safety condition of the spindle rotation speed of 3000 rpm and the feed rate of 0.05 mm/min at a depth of 2.1 mm on the Si 3 N 4 workpiece until the drill tip broke. What we found is that the life depended on the adherence of diamond coating. We, therefore, studied the wearing process of diamond coating.
Typical result is Fig. 2 , showing the hole inlet diameter D as a function of number of holes drilled, N. The deviations from circular foam were comparable to the size of round sign in Fig. 2 . The tolerance of the drill diameter is also shown in Fig. 2 . Drilling was successfully achieved until the 17th hole. The deviation of the hole size D were almost within the tolerance of 
Wear damage of drill tip
In order to study the damage to the drill tip in Regions I-III, SEM observations of the drill tip damage were made after drilling of the 3rd, 8th, 12th and 16th holes, as shown in Figs. 3(a) -(e), respectively.
After drilling of 3rd hole, exfoliation of diamond coating (i.e., chipping) from the substrate was observed at a cutting edge as shown by arrow A in Fig. 3(b) , (see magnified view shown by red square). The successive occurrence of chipping at the cutting edge leads to decrease of the hole diameter, and this mechanism is the reason why the hole diameter decreased with the increase of N in Region I.
After the 8th drilling, the diamond coating at the tip completely delaminated. The hole diameter increased abruptly, possibly because delaminated diamond debris acted as abrasive particles, and ground the hole surface. After removal of the diamond debris from the hole inside, the hole diameter decreased again at the last stage of Region II.
In the region III after 12th hole, the configuration of the cutting edge was changed due to the delamination wear of the diamond-coated layer. The point of the tip was flattened due to wear of the base material of the tip (WC-Co alloy), as shown in Fig. 3(d) , (see magnified views shown by arrows B, C). Nevertheless, hole drilling could be made within a reasonable accuracy of the hole size. This fact may suggest that formation and the removal of tribochemical reaction film effectively proceeds between the flattened tip and the bottom to the hole. After the 16th hole, further wear of the tip point was evident. The diamond coating at the cutting edge was also severely damaged, as shown in Fig. 3(e) . This damage of the tip was the last stage prior to the final failure at the 18th hole drilling. It should be noted that during the 11th to 17th holes, the hole diameter increased gradually with appreciable variation. This is probably attributed to the flattened tip point, so that movement of the tip could occur until the center-positioning of the initial tip position stage was located. In summary, Fig. 4 illustrates the schematic view of the typical wear damage of the drill at Region I-III.
Surface roughness of the hole and cutting debris
In order to investigate the surface finish, we conducted another series of drilling tests of the micro-hole drilled at a rotation speed of 3000 rpm and a feed rate of 0.05 mm/min, where drilling was made on the interface of two mating workpieces. Figure 5 (a), (b) and (c) show a cross sectional optical image, the enlarged SEM image and its surface profile, respectively. The SEM measurement area was made at the middle of the hole, of which area was 90×120 μm 2 . From Fig. 5(b) , the arithmetic mean deviation of the profile (Ra) and the maximum height of the profile (Rz), along with their standard deviations (S.D). The profile was measured in the drilling feed direction. As seen in Table 1 , the roughness of hole inner surface corresponds to Grade 40 bearing ball which is so smooth as to be acceptable in precision engineering. Figure 6 (a), (b) shows an optical microscope (OM) and a magnified SEM image of the debris, respectively. The debris is an aggregate of small powders. The reason why the drilled surface is very smooth can probably be attributed to the grinding action due to ejected cutting debris from the hole bottom, and also due to tribochemical reaction products. In order to confirm this explanation, the debris were subjected to chemical analyses.
Wear debris were collected during the 13-16th drillings. and then analyzed using an EDX. Figure 7 shows lower X-ray energy region of the EDX spectra of the wear debris and those of authentic silicon nitride and silicon oxide for comparison. Carbon and oxygen peak were observed in the wear debris. Oxygen peak of the wear debris may suggest the oxidization of Si 3 N 4 ., while the carbon peak is possibly attributed to wear debris of diamond coating, the substrate WC, and ethanol reaction products.
Tribochemical reaction products are so small to be analyze their chemical composition, Hibi and Enomoto once made a milling test of Si 3 N 4 in ethanol using a planetary-type micro-pulverizer in order to accelerate tribochemical reaction, which was reported elsewhere in detail 6) . Figure 8 shows the FT-IR spectra of an authentic sample of silica gel and the end products form after the milling test, reproduced from ref. [6] . The peaks of the end products were identical with those of an authentic sample of silica-gel, except for the absorption 
bands at 3000-2800 cm -1 , which are attributed to methyl or methylene stretching vibrations. This suggests that the following tribochemical reaction may take place:
We therefore confirm the tribochemical reaction may take place during drilling, as suggested by the reaction scheme (1). Hydrocarbon products may play an important role as a lubricant to reduce the friction between Si 3 N 4 and the drill. The product may be effective in assisting the formation of a finely polished surface of the hole.
Conclusions
Micro-size hole drilling were conducted using a diamond-coated tool on a Si 3 N 4 workpiece with ethanol as the cutting fluid. The results are summarized as follows:
1) Micro-size drilling of Si 3 N 4 was successfully made with dipping small amount drop-wise addition of ethanol. 2) Lower spindle rotation speed and feed rate of 3000 rpm and 0.05 mm/min, respectively were preferred for the safety drilling conditions. 3) The accuracy of the hole size was within the nominal limit of the drill size. 4) Tribochemical reaction of Si 3 N 4 with ethanol may effectively contribute to the hole-drilling. 5) A smoother hole surface was obtained due to the polishing action of wear debris and tribochemical reaction products.
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